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Abstract: This paper is focused on the design and the realization of two high current probes 
(up to 100 A) whose bandwidths range from DC to 50 MHz. These performances have been 
met by the association of an active Hall sensor and a passive current transformer. This 
association will be named “active current transformer” (ACT). It will be shown that it has 
better frequency performances than the classical closed-loop current transducer, usually used 
for high current measurements but frequency limited. The EMI issues, due to the sensor 
electrical environment are respected thanks to the shielded structure and special inner 
arrangements of the Hall sensors. Because of its large bandwidth, its large current ranging and 
its EMI ruggedness, this current probe is well matched to power electronics measurements. 
Key words: Current probe, Hall sensor, Current transformer, EMI, power electronics. 
I. INTRODUCTION 
 
The area of power electronics requires high performance current probes for the following 
reasons: 
 Static converter’s switching frequency extends from 100 Hz to 1 MHz, so high cut-off 
frequency of current transformers has to be extended to over 10MHz. 
 Current shape can be sinusoidal or pulsed containing a DC component or high 
frequency ringings. 
 MOSFET or IGBT are generating high dI/dt; values up to several kA/µs are usually 
reached. So, static converters generate strong radiated and conducted EMI [5]-[6]. 
These specific performances are difficult to achieved in a single type of current sensor [7]. 
Our purpose herein is to develop a DC to 50 MHz current probe that is well adapted to these 
constraints. The high frequency behavior of a current transformer has been studied in [8]. The 
alteration of the high frequency response is deeply affected by the primary conductor position, 
by an air gap in the core and the presence of a shielding case around the transformer extend 
the high cut-off frequency. In our probe, a current transformer is used in order to measure the 
high frequency components of current and, at low frequency, a special arrangement of Hall 
sensor is used. To correct the linking between the two frequency domains, an optimized 
correcting network is used. 
This work is organized as follows. Section II reminds the operating principle of a classical 
closed-loop current transducer and its limitations. Section III presents the working principle of 
the single stage ACT and its modeling. The new double stage ACT (ACT2) is depicted in 
section IV and its performances are compared to the single stage one. Some design 
considerations will be highlighted. Experimental results in time and frequency domains will 
be presented and compared to theoretical analysis throughout all the paper. 
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II. Closed-loop Hall-effect current transducers 
 
The closed-loop Hall effect current transducer is well matched to medium performances and  
economical applications [1], [11], [12]. The operating principle is reminded in Fig. 1.a: The 
primary ampere-turns are compensated by the secondary ampere-turns supplied by an 
amplifier whose input signal is delivered by a Hall sensor situated in the air gap. The system 
is balanced when the flux in the air-gap is zeroed, so DC and AC currents can be measured. 
The low sensitivity and the temperature drift of the Hall sensor are corrected by the closed-
loop structure. 
     
                   
Fig. 1: (a) Operating principle of the closed-loop Hall effect current transducer. (b) Gain 
Phase measurement of current probe. 
 
The limitations of the performances are mainly due to the amplifier and  secondarily due to 
the Hall sensor. In the case of a large current gauge, the amplifier has to deliver a significant 
output current. It is known that the bandwidth of an amplifier is limited when its output 
current increases. Consequently, a 100 A device is limited to few tenth of kHz [1]. A solution 
would be to increase the secondary turns number, but the winding resistance increases as well 
as the parasitic capacitive effects and the stray inductance. The increase of the winding 
resistance leads to increase the supply voltage of the amplifier in order to balance the voltage 
drop. Therefore, a trade-off has to be find between the secondary turns number, the amplifier 
output current and the useful bandwidth of the transducer. Practically, the figure-of-merit of 
these devices (product current gauge x bandwidth) is limited around 107 A.Hz.  
Secondly, the dynamic limitations of the amplifier generates a magnetic saturation if a high 
dI/dt current is applied to the primary. Afterward, the core remains polarized and an offset 
voltage appears at the output of the amplifier.  
A third kind of limitations is due to the Hall element. Its sensitivity depends on temperature 
and on its polarizing current. These two parameters have to be electronically controlled, 
leading to increase the cost of the sensor. Some semiconductors manufacturers propose 
integrated Hall sensors, embedding the amplifier and the correction circuits [2], [10]. In this 
way, the sensitivity is guaranteed. 
The frequency operating domain of a Hall-effect current transducer can be separated in two 
parts:  
- in DC and at low frequency, only the Hall sensor delivers a signal while the voltage 
induced at the secondary of  the transformer is near zero.   
- at high frequency, the flux is around zero in the magnetic core and the output of the 
Hall sensor too. The output voltage is induced mainly by the secondary winding.  
In the intermediate operating frequency domain, the two effects are superimposed, and the 
frequency response of the current transducer isn’t flat as shown in Fig. 2 for commercial 
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products. The transfer function (Sensitivity Vs/I versus frequency) is measured using Fig. 1.b 
measurement diagram. Before any measurement, the output current is calibrated by measuring 
voltage at the output of the splitter with input T2. The maximum value of current through the 
probe is around 6 mA. The transfer function of a commercial product [1] exhibits a 20 % 
trough in the transfer curve around 40 kHz . 
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Fig. 2: Typical transfer function of a current transducer. 
 
So, in order to improve the figure-of-merit of the high-gauge current sensor and to overcome 
the previous drawbacks, we propose a solution that associates an open-loop Hall sensor and a 
current transformer as depicted in the following sections. 
III. Single stage Active Current Transformer (ACT) 
A. Principle 
 
This principle has still be used in some performing commercial products [4]. It associates in 
series a Hall sensor and a current transformer. The realization is depicted in Fig. 3.a and the 
resulting bandwidth is shown in Fig. 3.b. We suppose that all the devices are linear. At low 
frequency, only the Hall sensor delivers the ACT voltage while at high frequency the output 
ACT voltage is essentially delivered by the secondary winding of the transformer. The output 
voltage can be expressed by (1): 
 Vs=Vamp + Vtran  (1)
   
  
  
             
Fig. 3: (a) Operating principle of open-loop Hall. (b) Transfer function. 
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The slope is –20dB/decade for the Hall sensor and + 20dB/decade for the transformer. That 
means that frequency response would be flat from DC up to high frequency. Practically, that 
is not the case due to the current flowing through resistance R3. However, the resulting trough 
in the bandwidth can be corrected, as depicted in the following sections. 
At low frequency, sensitivity is adjusted by the gain of the amplifier. At high frequency, the 
sensitivity depends on the secondary to primary turns ratio and on the R2//R3 resistance value. 
Resistance R3 is connected at the output of the coaxial cable in order to avoid wave-
reflections.  
The main advantage of this structure is due to its open-loop behavior. Actually, the amplifier 
has just to deliver the load current through R3, that remains small compared to the one 
required in closed-loop current transducers. Consequently, the frequency limitation is less 
restrictive, and the figure-of-merit value can be increased significantly. However, the 
drawback compared to open-loop structure is that the scattering of Hall sensor sensitivity is 
no longer balanced. 
B. Practical design considerations 
 
We have realized a 100 A, DC to 30 MHz ACT. Its sensitivity factor is 100 mV/A, and the 
device is shielded to respect EMI issues. The diagram of the ACT is shown in Fig. 4.a.  
Actually, two Hall sensors IC1 and IC2 (SS495 from Honeywell) have been used to improve 
the EMI ruggedness at low frequency. An integrated and fully trimmed device has been 
selected in our application in order to increase the sensitivity and to keep the accuracy better 
than 1% [2]. The Hall sensors have been associated symmetrically in differential mode and 
connected to the instrumentation amplifier (IC3 AD 620) in order to reject the common mode 
perturbations. At the outputs of the Hall sensors, two low-pass filters (R1, R3, C1 and R2, R4, 
C2) are connected to reduce the high frequency noise. 
A FT40 Zn-Mn ferrite ring core has been chosen because of its good frequency performances 
(outer diameter 40mm, inner diameter 20mm, height 15mm). A 2mm air-gap avoids the 
magnetic core to be saturated and increases the linearity. 
The buffer IC8 (BUF 634) is used as a current amplifier with constant output resistance. This 
resistance will be taken into account in the calculus of sensitivity. For the rated 100 A current 
in the primary, the output amplifier must delivered  0.2 A (R2//R3 = 10/50). A dipole is placed 
at the outputs of the transformer to correct the frequency trough as explained later. 
   
          
Fig. 4 : (a) Diagram of the ACT. (b) Model of the ACT. 
C. ACT modeling and trough cancellation 
 
In order to correct the frequency trough, the sensitivity of the transformer is increased in a 
particular frequency range. This is done by replacing resistance R2 of Fig. 3.a by the 
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correcting dipole constituted by R’2, R10 and C10 of Fig. 4.b: At low frequency, the output 
voltage of the transformer is increased thanks to resistance R’2 + R10. Over the cut-off 
frequency determined by R10 and C10, the sensitivity is reduced. The best values for R’2, R10 
and C10 are determined owing to an optimization algorithm [3] which uses a Matlab® 
minimization algorithm and which works over the full frequency range. This method leads to 
an accuracy around 1%. 
The model that is used to calculate the transfer function of the ACT and its correcting network 
is shown in Fig. 4.b. The parasitic capacitances and the leakage inductances are not included 
in this model because only the low frequency behavior in the range 100 Hz to few 10 kHz has 
to be studied. The transformer is modeled by a magnetizing inductance lµ and  a transformer 
ratio m (m = 100 = n2/n1). r7 is the resistance of the secondary winding, R2 is the load 
resistance (substituted later by the correcting dipole). The Hall sensor is modeled by a current-
voltage converter connected in series with the magnetizing inductance and the gain K 
determines the sensitivity of the Hall sensor. The Hall sensor acts as a 1st order low-pass filter 
and its cut-off frequency is around 30 kHz. It is modeled by the r1 c1 network. R6 and C6 are 
connected at the output of the Hall generator in order to reduced the noise at high frequency. 
R8 represents the internal resistance (R8 = 8 , measured value) of the open-loop buffer (BUF 
634) that is used to deliver the output current. 
The transfer function of the sensitivity factor 
I
VS  is given by (2): 
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The values of the different parameters of Fig. 4.b model are given in Table. 1. Some values 
have been obtained by measurements, others have been selected in specifications. 
Table. 1: Values of the different parts of Fig. 4.b model.   
L = 100 nH c1 = 2 nF R2 = 15  R8 = 8  
m = 100 R6 = 1 k R3 = 50  K = 0.146 
r1 = 1 k C6 = 4.7 nF r7 = 1.84   
 
D. Experimental results of the single stage ACT 
1. Frequency domain results 
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Fig. 5 shows a comparison between measurements and simulations in the uncorrected device. 
The results are in a good agreement at low frequency, thus confirming the validity of the 
model. 
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Fig. 5: Comparison between calculated and measured ACT transfer function. 
 
Using the theoretical model, the elements of the correcting dipole (see Fig. 4.b) can be 
calculated in order to linearize the transfer function. The optimization routine has given the 
following values:   
R’2 = 15 , C10 = 3.3 F et R10 = 2.91 . 
The correcting dipole has been included in the model and the new simulated transfer function 
curve 
I
VS  is shown in Fig. 6. We can observe in this simulation that the curve is quite flat. 
The flatness error remains under 1 %, that can be compared to the 30 % of  Fig. 5. 
Measurements are presented in Fig. 6, they have been acquired as presented in Fig. 1.b. 
Because the output current is small, the curve is noisy. Nevertheless, the linearity error is 
around 2%, this confirms the modeling and the correcting principles. The small differences 
between simulations and measurements are due to the tolerance on the correcting capacitor 
C10, whose exact value has not been reached. However, over 10 MHz the curves differ largely 
because the model is not matched with this frequency domain. 
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Fig. 6: Simulated and measured ACT corrected transfer function. 
2. Time domain results 
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Fig. 7.a and Fig. 7.b shows the shape of the current flowing through the freewheeling diode of 
a 1 kW buck converter. When the switch opens the current in the load flows through the 
diode. After each transient, ringing occurs at about 10 MHz. This is due to the parasitic effects 
in the converter. Fig. 7.a shows the diode current measured with the ACT, and Fig. 7.b the 
market-standard current probe [4] measurement. Some differences after the negative slope can 
be observed in the market-standard current probe. It is probably caused by the current 
recovering transient of the amplifier. 
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Fig. 7: (a) Current measurement with high dI/dt. (b) Comparison with a commercial 
device. (c) Picture of the ACT. 
 
 
This experiment proves the efficiency of our device regarding other similar products. The 
design considerations and the correcting process are satisfactory. 
E. Single stage ACT realization 
 
Fig. 7.c shows a picture of the prototype of the single-stage ACT. A number of improvements 
have been realized in order to extend the high cut-off frequency. 
- A multi-winding arrangement associated to common mode chokes at the ends of the 
windings has been used to minimize the turn-to-turn capacitance [5]. This feature 
increases the high cut-off frequency to around 30 MHz. 
- A shielding case is placed around the current transformer in order to improve the 
immunity. All the electronics parts are placed in a metal case to allow a good behavior 
at high frequency. The ground of the supply is connected to the metal case. 
- Precise capacitor (2 %) is used as C10. 
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IV. Double stage active current transformer: The ACT² 
A. Double stage ACT principle 
 
The main limitation of the ACT is the high cut-off frequency. The frequency cut-off decreases 
for low values of the sensitivity factor (Vs/I). The sensitivity factor is inversely proportional to 
the transformer turn ratio. When the transformer turn ratio increases (i.e. the secondary 
number of turns increases) the parasitic capacitance of the winding increases too, limiting the 
high cut-off frequency. In order to overcome this limitation, a new double stack structure has 
been proposed in order to keep the same sensitivity while drastically reducing the total turns 
number. The principle is presented in Fig. 8.a. A single stage ACT transformer ratio of m = N, 
gives the same sensitivity factor value than a two-stage ACT when: 
 21 mmm  ,  with:   m1 = N1 and  m2 = N2  (4) 
 
Consequently, in the first case number of turns is N when it is N1 + N2 in the second case. The 
total number of turns is drastically reduced, as the parasitic capacitance and the total stray 
inductances. Finally, the high cut-off frequency is improved. 
B. Double-stage transformer 
Suppose that sensitivity of the current transformer versus frequency acts as a low-pass filter, 
the upper frequency limit of a current transformer depends on the parasitic capacitances Cs1 
Cs2 and on the total leakage inductance lf. In the case of a single stage current transformer, the 
high cut-off frequency can be evaluated by (5). 
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In our case, because of multi-winding and common mode chokes, nHlf 10 and 
pFCs 3.0 , so MHzfc 301 . Assume that the parasitic capacitance depends proportionally 
on the secondary turns number, we get: 
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So, in the case of a double stage current transformer, the upper frequency limit is calculated 
by (7). In our case, 101 m and 302 m , so MHzfc 902  . 
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Compared to (5), (7) shows that the upper frequency limit is increased for the two-stage ACT, 
the frequency ratio is 1
2
1 m
fc
fc
 . 
C.  Modeling of the ACT² 
In this section the determination of the ACT2 model is proposed. The components values that 
ensure a trough cancellation of the transfer function, given by the Hall generator stage and the 
two-stage current transformer, are determined. Fig. 8.a shows the new model that is deduced 
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from the single-stage ACT one. For clarity reasons, the details of the Hall sensor stage 
(depicted in Fig. 8.b) have not been represented. 
   
           
Fig. 8. (a) Two stages ACT model       (b) Electrical circuit of the ACT². 
L1: magnetizing inductance of the first stage current transformer 
m1: turn ratio of the first stage current transformer 
z5: first transformer secondary winding impedance  
L2: second transformer magnetizing inductance  
m2: second transformer turn ratio  
z6: second transformer secondary winding impedance  
z4: load resistance of the secondary winding 
z3: output impedance of the amplifier 
R3: output load impedance 
   
The values used in model of the Fig. 8.a are indicated in Table. 2. L1, L2 are measured thanks 
to a Network Analyzer. z4 and z6 will be determined using an optimization algorithm. 
Table. 2: parameter values of Fig. 8.a model.  
L1 L2 m1 m2 Z5 Z6 R3 
43 nH 475 nH 10 30 0.112  0.23  50  
 
Referring to the ACT² model of Fig. 8.a, the transfer function Vs/I is calculated by: 
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K is the value of the sensitivity factor of the Hall generator. A, B and C are given by the 
following equations: 
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Compared to the single stage current transformer (see Fig. 5), Fig. 9 shows that the trough is  
more important for the ACT2. So the correcting device will be constituted by two dipoles. 
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Fig. 9: Simulation of the transfer function of the double-stage ACT, modulus and phase. 
D. Designing of a double stage ACT 
1. Specification of the double-stage ACT 
Our aim is to realize a 100 A, DC to 50 MHz ACT². Its sensitivity factor is chosen equal to 10 
mV/A. The device must be shielded to achieve the EMI immunity required in power 
electronics applications. Fig. 8.b shows the electric circuit of the ACT². In order to 
compensate the trough in the sensitivity curve, the two impedances z3 and z4 of Fig. 8.a model 
have been replaced by resistances R3, R4, R10, R11 and capacitances C10 and C11. These 
components constitute the correcting network. Table 4 gives the dimensions of the magnetic 
cores and the two transformers turns numbers. 
Table. 3: Specifications of the two transformers. 
 Transformer 1 Transformer 2 
Outer diameter 25 mm 12 mm 
Inner diameter 16 mm 8 mm 
Height 9 mm 5 mm 
Permeability µ 4000 200 
Air-gap 2 mm none 
Turns number 10 30 
 
2. Determination of the correcting networks 
 
The Hall sensor and the transformers cross-over operating frequency range is within the 
frequency range 100 Hz and 100 kHz, so networks z3 and z4 are calculated in order to correct 
the linearity error in this particular frequency range. All values are calculated by an 
optimization routine as previously presented [3], aiming to meet a linearity error smaller than 
1%. Six components values and the gain K value (determined by the sensitivity of the Hall 
generator and by the gain of the amplifier stage IC3 and IC4) have to be calculated. The 
optimization routine has to take into account some technological constraints that limit the 
value range of the components. For instance, the maximal output voltage of the amplifier 
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limits the maximal values of R3 and R4 up to 100 . Consequently, these component values 
have been imposed as constraints to the optimization routine.  
The DC sensitivity factor value of the ACT² is fixed by the network z3 and gain K. Resistors 
R3 and R4 determine the sensitivity value in the high-frequency range. From a technological 
point of view, it is better to get the smallest capacitance values as possible and consequently 
the largest values for the resistors. Nevertheless, the values of capacitors C10 and C11 are 
situated in the micro-Farad order of magnitude. Practically, resistances R10 and R11 are 
adjusted in order to compensate the mismatched value of C10 and C11. 
The optimized values of components that realize the optimal smoothing of the transfer 
function curve are given in Table 4. Note in Fig. 8.b that R12 is added in order to simplify the 
trough cancellation in transfer function. 
Table 4 : Optimized values of the two correcting networks. 
K R10 C10 R11 C11 R3 R4 R12 
0.0327 90  0.88 µF 1.27  3.74 µF 23.5  4.69  0.1  
 
Fig. 9 shows the transfer function of the ACT² simulated by (8), modified in order to take into 
account the correcting network. Before compensation, the linearity error was around 35 % and 
this value is reduced to around 0.4 % with the correcting networks. 
 
E. Experimental results 
1. Frequency domain results 
Fig. 10 shows a comparison of the transfer function of the ACT² described herein and a 
market-standard current probe [4]. The smoothing error of the ACT² transfer function is 
situated in the range  +2/–6 % while the market-standard current probe is situated around 6%. 
The results are close together and prove the efficiency of our device. Nevertheless, the 
linearity error is not as great as expected. This difference is due to the inaccuracy of the 
capacitors used in the correcting networks, as a sensitivity calculation has shown to us. 
Finally, the linearity error of the ACT2 is about 8 % and its high cut-off frequency is close to 
50 MHz. 
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Fig. 10: Comparison between the ACT² and a market-standard current probe. 
2. Time domain results 
Fig. 11 shows the current measurement diagram of an IGBT tested under short-circuit 
conditions [9]. The current reaches 100 A and a high frequency (around 200 kHz) ringing (50 
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A) is superposed. The current measurement of ACT2 is compared to a commercial current 
transducer [1]. Some significant differences can be noticed because the commercial current 
probe has a limited output signal dynamic. Voltage Vgs monitors exactly the IGBT current 
when it is on. During ringing phase, ringing peaks in Vgs keep a quasi-constant amplitude that 
is attested by ACT2 probe but not correctly measured by the commercial probe. Concerning 
the ACT2, a small voltage drift just after the negative slope can be noticed, it is caused by the 
linearity drop of 6 % in the transfer function as shown previously. 
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Fig. 11: Measurement diagram and  current measurements comparison. 
F. Practical building 
 
Fig. 12.a shows a picture of the ACT2. Note the shielding case that protects against outer 
electromagnetic fields. It has also a beneficial effect on the ACT2 electrical performances 
because it reduces the inner leakage inductance and it limits the capacitive couplings between 
the primary and the secondary windings and between the two transformers. A common mode 
choke in the power supply wire is crucial for avoiding extra capacitive couplings. Without it, 
the increase of transfer function level at 100 MHz has been measured around 25 dB. 
Moreover, it is important to reduce the capacitive couplings between the electronics and the 
primary conductor. So the electronic card is shielded against capacitive coupling. 
 
  
          
Fig. 12: (a) Picture of the ACT2. (b) Detail of the ACT² second stage. 
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Fig. 12.b shows a detail of the second stage current transformer. A special insulated coaxial 
arrangement is used to reduce parasitic capacitive couplings between the shield and the 
second stage. In that way, the ends of the current transformer are not connected to ground, and 
the output voltage is not disturbed by the common mode current that flows through the shield. 
Moreover, this configuration makes the magnetic coupling between the axial conductor and 
the secondary winding symmetric, leading to reduce the leakage inductance and thus 
improving the high frequency bandwidth as Fig. 10 shows. 
V. Conclusion 
 
This paper has presented the interest of the active current probe (ACT) versus the classical 
closed-loop current sensor. A single-stage ACT has been modeled and designed. Its 
limitations have been highlighted. A correcting networks has been proposed to overcome the 
linearity error in the cross-over frequency ranges of the Hall sensor and the current 
transformer. Furthermore, a new two-stage ACT has been proposed in order to overcome the 
previous ACT limitations in high frequency range. 
Two prototypes have been realized and their performances have been presented in the time 
and frequency domains. Some practical improvements have been made that increase the 
bandwidth and/or the EMI ruggedness. These devices are particularly well suited to power 
electronics measurements which require improved dynamic performances, high current gauge 
and EMI compatibility. 
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